Presenilin-1 (PS1) is a gene responsible for the development of early-onset familial Alzheimer's disease. To explore the potential roles of PS1 in vascular development, we examined the vascular system of mouse embryos lacking PS1. PS1-deficient embryos exhibited cerebral hemorrhages and subcutaneous edema by mid gestation. Immunohistochemical analysis revealed vascular remodeling failure in the stomach and trunk dorsal median region of the skin and insufficient formation of the perineural plexus around the spinal cord of the PS1 mutant embryos. The number of capillary sprouting sites reduced and the capillary diameter increased in the mutant brains, especially at the amygdaloid and striatal regions. Endothelial cells in the sprouting capillaries of the mutant mice showed abnormal morphologies such as multiplication, apoptotic and necrotic images, in contrast to pericytes showing a normal appearance. An in vitro assay using para-aortic splanchnopleural mesoderm (P-Sp) revealed aberrant angiogenesis in the explant culture from the mutant. These findings suggest the essential roles of PS1 in angiogenesis. q
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Introduction
Presenilin-1 (PS1) mutations are responsible for most cases of early-onset familial Alzheimer's disease (FAD) (Cruts and Van, 1998a,b) . PS1 is a transmembrane protein expressed ubiquitously in a variety of human and mouse tissues Lee et al., 1996) , and is mainly localized in the endoplasmic reticulum (ER) and Golgi apparatus (Cook et al., 1996; De Strooper et al., 1997) . PS1 is suggested to mediate the processing of proteins such as amyloid precursor protein (APP) and Notch-1 (De Strooper et al., 1998 Wolfe et al., 1999) . In addition, the involvement of PS1 in membrane protein trafficking (Naruse et al., 1998) , unfolded protein response (Niwa et al., 1999) and capacitative calcium entry (Yoo et al., 2000) has also been reported. Developmental abnormalities have been described in PS1-deficient mice including impaired neurogenesis (Shen et al., 1997; Handler et al., 2000; Yuasa et al., 2002) , impaired somitogenesis (Wong et al., 1997; Koizumi et al., 2001 ) and malformation of the axial skeleton (Shen et al., 1997) .
During the early stages of vascular development, endothelial cell precursors differentiate into a network of primitive blood vessels in a process termed vasculogenesis. The primary vascular plexus is remodeled by a process termed angiogenesis, involving the sprouting, branching, and differential growth of vessels for the mature vascular system. Recent studies have identified a number of growth factors acting on the vascular endothelium that control vasculogenesis and/or angiogenesis (reviewed in Gale and Yancopoulos, 1999) . These vascular-specific growth factors include VEGF family members, angiopoietin family members, and some members of the large ephrin family. The normal physiological roles of these factors during vascular development were demonstrated by studies utilizing mouse models, in which genetic approaches including targeted gene disruption and trans gene manipulations were used. In contrast, it has been suggested that many other
growth factors that are not vascular endothelium-specific are also required for normal blood vessel formation. Platelet-derived growth factor-b and transforming growth factor-b1 are examples of these nonspecific factors (Lindahl et al., 1997; Larsson et al., 2001) . Notch-1 is a transmembrane protein expressed in a variety of mouse tissues (Reaume et al., 1992; Del Amo et al., 1992) , and plays pivotal roles in cell fate decisions and neurogenesis (Sestan et al., 1999; Redmond et al., 2000) . PS1 has been demonstrated to be required for the Notch-1 activation process, which is triggered by the binding of Notch-1 ligands . Recently, defects in angiogenic vascular remodeling have been reported in mice lacking Notch-1 (Krebs et al., 2000) . Thus, the possible roles of PS1 in vascular development have been speculated on.
In the present study, the vascular system of PS1-deficient mouse embryos was examined in detail. By mid gestation, several defects in the blood vessels were found in the mutant embryos including reduced vascular remodeling in the stomach and skin, insufficient formation of the perineural plexus around the spinal cord, and a reduced number of capillary sprouting sites and increased capillary diameter in the brains. Abnormal endothelial morphologies such as multiplication, apoptotic and necrotic images were also found in the brain capillary.
Results

Deficiency of PS1 causes cerebral hemorrhages and subcutaneous edema
Cephalic hemorrhages as well as shortened tails are the most prominent external features of PS1 homozygous knockout mice after mid gestation ( Fig. 1A and B ; Wong et al., 1997; Shen et al., 1997) , while PS1 heterozygous mice do not show any of these abnormalities. We first macroscopically examined the brains dissected from PS1 mutant mice. Hemorrhages were found in the ventral regions but not in the dorsal regions of the mutant embryonic brains. The severity of the hemorrhages was consistently prominent at the amygdaloid areas in a bilateral fashion ( Fig. 1C and D) . In the course of the macroscopic examinations, we noticed the consistent appearance of subcutaneous edema in the dorsal trunk of mutant mice after mid gestation (Fig. 1A) . These observations suggest the possibility of developmental vascular abnormalities in PS1-deficient mice.
Abnormal vessel development in mice lacking PS1
To analyze the vascular abnormalities during development in mice lacking PS1, we crossed PS1 heterozygous mice with heterozygous mice carrying a lacZ reporter gene driven by the flk-1 promoter (flk-1 lcz ) (Shalaby et al., 1995) .
From subsequent intercrosses with PS1 þ /2 ;flk-l þ /lcz mice and PS1 þ /2 ;flk-1 þ /þ mice, we obtained PS1 2 /2 ;flk-1 þ /lcz mouse embryos. The architecture of vessels composed of endothelial cells expressing flk-1 lcz in the PS1-deficient mice was monitored by whole-mount X-gal staining. Embryonic as well as extraembryonic vessels in the PS1 mutants did not show any abnormalities at embryonic day 9.5 (data not shown). While abnormalities were not observed in the blood vessels of the head region including fine capillaries and large vessels, the vasculature in the intersomitic region was abnormal in the mutants at embryonic day 11.5 ( Fig. 2A and B) . However, this vascular defect is likely to be secondary to the somiate defects in the mutant embryos (Wong et al., 1997; Koizumi et al., 2001) . Aberrant capillary architectures in the ventral region, especially in the amygdaloid area, of the PS1 mutant brains were prominent by embryonic day 15.5. The density of the capillaries reduced and the width increased ( Fig. 2C to F) . Immunohistochemical analysis using anti-PECAM antibody revealed vascular abnormalities in the embryonic day 14.5 PS1 mutant mice (Fig. 3) . While the vasculature of viscera such as the liver, lung and kidney did not show any apparent abnormalities (data not shown), the vascular remodeling in the stomach and the dorsal region of the trunk skin was clearly defective in the mutant mice. The aberrant angiogenesis of the dorsal skin was prominent in the median area. Hemorrhages were not found in the skin or stomach of the mutant embryos, but the blood vessels in those regions failed to develop to tightened shapes and showed vasodilation (Fig. 3 A, 
expression system, vascular development failure was also detected in the perineural plexus around the spinal cord of the mutants. While lacZ-positive cells were observed over the dorsal side of the spinal cord in the wild-type mouse, no lacZ-positive cells existed on the dorsal side in the mutant except in the most dorsal tip of the spinal cord ( Fig. 3C and D). Histological analysis of the PS1-deficient brains was performed on embryonic days 13.5 and 15.5. PS1-deficient brains of embryonic day 13.5 were examined in detail for the serial frozen sections using anti-PECAM antibody without peroxidase treatment, which allowed the detection of endogenous peroxidase activities in cells such as the red blood cells. Small, localized hemorrhages were detected within the ganglionic eminence and in the lateral ventricle, but not at any other sites. In the mutant brain, vasodilation was apparent in the ganglionic eminence ( Fig. 4A and B) . At embryonic day 15.5, hemorrhages were augmented in the ventricle, striatum and amygdala, and occasionally in the thalamus (data not shown) of the mutant embryonic brains (Fig. 4C) . The red blood cells in the amygdaloid region were prominent beneath leptomeninges, and had leaked and diffused into the neural parenchyma through sprouting capillaries (Fig. 4D) . The vessel diameter in the cortical, striatal and amygdaloid regions increased as shown in Fig. 4C to I. Disturbed capillary sproutings in the PS1 mutant brains were revealed by analysis of thick sections (0.1 mm) (Fig. 5A to D) . Reduced numbers of capillary sprouting sites, increased capillary diameter and aberrant branchings were typical features of the mutant embryonic brains.
Abnormal morphologies of endothelial cells in PS1-deflcient brain capillaries
To clarify the cellular basis of the pathological features of PS1-deficient brains as described above, capillaries in the brains were examined by electron microscopy. The ultrastructural analysis revealed rounded morphologies of the capillary endothelial cells labeled with lacZ in the cortical and amygdaloid areas of the mutants (Fig. 5F , H, I and J). Multiplication of the capillary endothelial cells was the most characteristic feature in the amygdaloid area in the mutant mice. Bromodeoxyuridine (BrdU)-incorporation experiments indicated that this multiplication was attributed to the proliferation but not to the enhanced recruitment of 
endothelial cells (Fig. 4J ). Endothelial cells showing apoptotic ( Fig. 5I and J) or necrotic (data not shown) images were also found in the mutant. Endothelial cells in the amygdaloid regions of the PS1-deficient or wild-type brains were scored for quantitative analysis. The data from this analysis are presented in Table 1 . Notably, a large number of apoptotic or necrotic endothelial cells were detected in the PS1-deficient brains. The number of endothelial cells in the mitotic phase of the cell cycle also increased in the mutant brains, indicating the increased proliferation of the endothelial cells in PS1-deficient brains. These morphological abnormalities of the endothelial cells resulted in stenosis of the capillary lumens ( Fig. 5F , H, I and J). 1n contrast to these pathological features of endothelial cells, pericytes around the endothelial cells showed a Coronal section of 20 mm thickness from embryonic day 15.5 PS1 2 /2 mouse brain was stained with hematoxylin and eosin. The photo focused on the amygdaloid region. Note the red blood cells beneath leptomeninges indicated by an arrow and in the neural parenchyma. E to H: Coronal sections of 50 mm thickness from embryonic day 15.5 mouse brains were inimunostained with the anti-PECAM antibody. E and G focus on the cortical and the amygdaloid regions of PS1 þ /2 brains, respectively. F and H on the cortical and the amygdaloid regions of PS1 2 /2 brains, respectively. I: Vessel diameter was measured in the photographic areas from the putamen and amygdaloid regions of brain sections. Values are the mean^SEM. * * * p , 0:001 compared with corresponding values for the sections from PS1 þ /2 mice. J: Incorporated BrdU in a section of 50 mm thickness from embryonic day 14.5 PS1 2 /2 mouse brain. Arrows indicate BrdU-labeled endothelial cells in a capillary sprouting into the amygdaloid region. Bar ¼ 0.38 mm for A, 0.12 mm for B, 0.67 mm for C, 0.14 mm for D to H, and 0.056 mm for J. Table 1 Quantitative morphological analysis of the endothelial cells in PS1-deficient brains. PS1 þ /þ; flk-1 þ /lcz or PS1 2 /2;flk-l þ /lcz mice were used for the quantitative analysis at embryonic day 14.5. Endothelial cells in those mice were labeled with X-gal deposits. Endothelial cells in the amygdaloid regions that were identified under electron microscopy were counted and classified into the following categories: apoptotic cells, necrotic cells, cells in the mitotic phase or cells in the interphase with a normal appearance Embryos apoptotic necrotic mitotic normal (sum) 
normal appearance in the mutant brains (Fig. 5F , H, I and J). The unchanged existence of pericytes in the mutant brains was also confirmed by immunohistochemistry using anti-desmin antibody (Fig. 6 ).
Expression of vascular-specific growth factors in PS1 knockout brains
To gain an insight into the molecular mechanisms of abnormal vessel development in PS1-deficient mice, we analyzed the mRNA levels of some vascular-specific growth factors. Real-time quantitative PCR analysis indicated that the mRNA levels of VEGF, angiopoietin-2 or ephrin-B2 in the PS1 mutant brains were comparable to those in wildtype brains (Fig. 7A) . We also performed quantification of the VEGF protein in the brains and livers using the EUSA system. The VEGF levels increased in the brains but not the livers of the mutants (Fig. 7B) .
Aberrant angiogenesis in the explant culture from PS1-deficient mouse
To provide an insight into the mechanisms underlying the vascular defect in PS1-deficient mouse, an in vitro assay using a para-aortic splanchnopleural mesoderm (P-Sp) explant culture was performed (Takakura et al., 2000) . Aberrant angiogenesis was observed in the explant cultures from PS1-deficient mice (Fig. 8) . While the endothelial cells from wild-type P-Sp explant formed organized and cord-like structures, the morphology of the endothelial cells from the PS1-deficient explant was disorganized and string-like. Enlargement of the vascular network was also a typical feature of the PS1-deficient explant culture.
Discussion
Hemorrhages in the brains of PS1-deficient embryos were reported in previous studies (Shen et al., 1997; Wong et al., 1997) . However, vascular defects have not been described as yet In the present study, we have shown the detailed characterization of the brain hemorrhages in PS1 mutant embryos. Furthermore, we have clearly demonstrated vascular abnormalities in the brain as well as other regions of the PS1-deficient embryo such as reduced capillary sprouting into the brain and vascular remodeling failure in the stomach and skin. Thus, PS1 appears to be required for vascular development. As angiogenesis involves developmental processes such as capillary sprouting and vascular remodeling, PS1 has been suggested to have essential roles in angiogenesis, but not vasculogenesis.
The angiogenic defects in PS1-deficient mice were restricted to the skin, stomach, brain and perineural plexus around the spinal cord. This region-specific vascular abnormality is one of the prominent features of this mutant.
While all knockout mice showing angiogenic defects such as angiopoietin-1, Tie-2, ephrin-B2 or ephB4-knockout mice die at around embryonic day 10.5 Suri et al., 1996; Sato et al., 1995; Wang et al., 1998; Adams et al., 1999; Gerety et al., 1999) , PS1knockout mice nevertheless survive until late gestation or birth, which might be due to the restriction of angiogenesis-defective regions in the PS1 mutant. PS1 and PS2 share 63% of amino acid residues overall at identical positions, have a very similar structure and are functional homologues Levy-Lahad et al., 1995; Herreman et al., 1999) . The fact that endogenous PS2 in the PS1-deficient mice does not rescue its vascular phenotype in some regions suggests that the PS2 activity does not completely cover up the deficiency of the PS1 activity in those regions. Lee et al. examined the ratio of PS1 to PS2 expression in mouse tissues and revealed the dominant expression of PS1 in the brain, intestine and testis, in contrast to the lung, heart, liver, kidney and spleen. As these tissues showing PS1-dominant expression overlap with the regions in which the vascular defects were detected in the PS1deficient mice, the degree of PS1 dependency on the overall PS activity might determine the specificity of tissues showing vascular defects in the PS1 mutant.
There exists a discrepancy between the VEGF mRNA and protein data. While the VEGF protein levels increased in the brains of PS1-deficient mice, the mRNA levels did not ( Fig. 7A and B) . One possible explanation for this discrepancy is that VEGF might be regulated at the posttranslational level, like hypoxia-inducible factor-1 (Jaakkola et al., 2001) , although evidence for this idea has not yet been reported. Because it is well established that VEGF gene expression is enhanced by hypoxia (Shweiki et al., 1992) , the upregulation of VEGF protein levels in the mutant brains might be an outcome of vascular defects such as the reduction of sprouting sites and the stenosis of capillaries that induce hypoxic states in the brain. The degradation processes of the VEGF protein might be specifically inhibited in the PS1 mutant brains via unknown mechanisms. Another explanation is the possibility that the increase in the VEGF protein levels might be due to the influx of blood contents into the mutant brain. In the embryonic day 14.5 mice used for the measurement of protein and mRNA, hemorrhages were observed in the brains. Erythroid cells are known to secrete large amounts of VEGF protein (Tordjman et al., 2001; Majka et al., 2001) . The increase in the amount of red blood cells and plasma containing VEGF protein due to the hemorrhages might augment the VEGF protein contents.
One of the most prominent features of the vascular abnormalities in the PS1 mutant is the increased diameter of sprouting capillaries in the brain. A similar increase in capillary diameter has been reported in the brains of PDGF-B-deficient mice (Lindahl et al., 1997; Hellstrom et al., 1999 Hellstrom et al., , 2001 ). The VEGF protein levels increased similarly in both PS1 and PDGF-B mutants. However, ultrastructural
and immunohistochemical analyses revealed histological differences between their vascular phenotypes. Pericytes were absent in the PDGF-B-deficient mice in contrast to the presence of normal pericytes in the PS1-deficient mice. While enlarged luminal microfolds and abundant caveolae are prominent in the endothelial cells of the PDGF-Bdeficient mice, the endothelial cells in the PS1 mutant showed other abnormalities such as multiplication and cell death. Recently, it has been reported that mammalian Notch family members such as Notch-1, Notch-2, Notch-3 and Notch-4 undergo PS-dependent activation (Saxena et al., 2001; Mizutani et al., 2001 ) and embryos lacking both PS1 and PS2 genes have a strong resemblance in phenotypes to Notch-1-deficient embryos (Herreman et al., 1999) . The requisite of Notch-1 and Notch-4 for physiological vascular morphogenesis has also been reported (Krebs et al., 2000) . The Notch-1 (2 /2 ) or Notch-1 (2 /2 )Notch-4 (2 /2 ) mutant embryos were arrested in development at or before embryonic day 9.5 and the vascular remodeling of these embryos was defective in the yolk sac, anterior cardinal veins and dorsal aortae at embryonic day 9.5. Thus, the vascular architecture of the Notch mutant brains during midto late-gestation periods cannot be seen, but the evidences concerning the PS-dependent Notch activation, the phenotypic resemblance between the PS-double-knockout mutants and the Notch-1 mutants, and the angiogenic abnormality of the Notch mutants described above support the idea that the Notch family members might be involved in the angiogenic functions of PS1.
Angiogenesis in the P-Sp explant culture is considered to reflect the in vivo vascular phenotype of the mouse embryo, because angiogenic molecules such as angiopoietin-1 or ephrin-B2 can promote the vascular network formation in the P-Sp culture (Takakura et al., 2000; Zhang et al., 2001) . As the angiogenic defects of the PS1-deficient mice were almost hypoplastic, the enlargement of the vascular network in the PS1-deficient explant culture was unexpected. However, the endothelial cells in the PS1 mutant culture showed unusual morphologies including thin, string-like and disorganized structures, which were not observed in cultures with the angiogenic molecules (Takakura et al., 2000; Zhang et al., 2001) . Thus, it is suggested that a cell-intrinsic defect is present in the PS1-deficient endothelial cells.
Experimental procedures
Animals
PS1 heterozygous knockout mice were bred as outbred hybrids of 129/SvJ and C57BL/6 (Koizumi et al., 2001) . The stages of the mouse embryos subjected to analyses were given as embryonic day where the day of vaginal plug was designated as 0.5. Mice carrying a lacZ reporter gene driven by the flk-1 promoter (Shalaby et al., 1995) were generously provided by Dr. Janet Rossant.
X-gal staining
For whole-mount X-gal staining, dissected embryos or associated extraembryonic structures were fixed for 30 -90 mm at room temperature in a fixation buffer containing 0.2% glutaraldehyde, 5 mM EGTA (pH8.0), 2 mM MgCl, 1.5% formaldehyde and 100 mM sodium phosphate (pH8.0). The fixed embryos were then washed three times with a wash buffer containing 0.01% sodium deoxycholate, 0.02% NP-.40, 2 mM MgCl 2 and 100 mM Fig. 5 . Disturbed capillary sprouting and abnormal endothelial morphologies in PS1-deficient brains. A to D: Brain sections of 0.1 mm thickness from embryonic day 14.5 mice were stained with X-gal reagent. A and B show the neocortical area, and C and D correspond to the amygdaloid region. A and C are sections from PS1 þ /þ ;flk-1 þ /lcz mice, B and D are from PS1 2 /2;flk-1 þ /lcz mice. Note the reduced number of sprouting sites and the aberrant branching in the neocortical (B) and amygdaloid (D) areas of the PS1 mutants. E to J: Ultrastructural analysis of the blood vessels in PS1 þ /þ ;flk-1 þ /lcz (E and G) and PS1 2 /2;flk-1 þ /lcz (F, H, I and J) brains. Endothelial cells were labeled with electron-dense X-gal deposits, which were found along the plasma membrane and nuclear envelope. E and F represent the boxed area of the neocortical region. G to J are from the boxed area of the amygdaloid region. E and G, The normal morphology of capillaries with a flat monolayer of lacZ-labeled endothelial cells and surrounding lacZnegative pericytes. F, The arrow indicates a mitotic endothelial cell that is abnormally enlarged and obstructs the lumen of the capillary; H, LacZ-labeled endothelial cells formed a multilayer, I, LacZ-labeled endothelial cells formed a large cluster, and the lumen of the capillary became very narrow. The arrow indicates the perinuclear chromatin in the apoptotic endothelial cell, and arrowheads indicate mitochondria apposed to the nucleus. J, Endothelial cells are round and obstruct the lumen. Arrows indicate the perinuclear chromatin in the apoptotic endothelial cells. P indicates pericyte. Bar ¼ 200 mm for A, B, C and D, and 3 mm for E to J.
sodium phosphate (pH8.0), and subjected to X-gal staining. The reactions were performed for 2 days at room temperature with a staining solution including 0.1% X-gal, 5 mM potassium ferrocyanide and 5 mM potassium ferricyanide in the wash buffer. The X-gal-stained brains from embryonic day 15.5 mice were cleared to reveal b-galactosidase expression within the internal structures. The brain tissues were dehydrated successively for 15 -30 mm each in 50%, 70%, 95%, and 100% methanol, and then placed in 2:1 benzyl benzoate/benzyl alcohol in a glass dish for clarification.
Histochemistry
Tissues for frozen sections were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) at 4 8C overnight, followed by PBS washing. For hematoxylin eosin staining, cryostat sections were prepared at 20 mm thickness. For the immunohistochemical staining of PECAM-1, the cryostat sections were prepared at 50 mm thickness. These sections were incubated for 30 mm in 0.3% hydrogen peroxide in PBS on ice, with the exception of indicated cases. After PBS washing, the sections were blocked with 10% fetal bovine serum in PBS at room temperature, and then incubated with 2 mg/ml of biotinconjugated rat anti-mouse PECAM-1 monoclonal antibody (BD PharMingen, San Diego, CA, USA) in PBS containing 0.1% Triton-X100 at 4 8C overnight. After PBS washing, the immunoreactivities were detected with peroxidaseconjugated streptavidin and a 3-amino-9-ethylcarbazole substrate kit (Histofine, Nichirei, Tokyo, Japan). The capillary diameter was quantified at 146 sites in 36 photographic areas for the putamen and amygdaloid regions of embryonic day 15.5 mice.
For the immunohistochemical analysis of desminpositive cells, mouse embryos were fixed in 4% paraformaldehyde in PBS at 4 8C for 4 hours, embedded in paraffin and sectioned at a thickness of 4 mm. After rehydration, antigen retrieval was accomplished by 40-minute incubation Fig. 6 . Immunohistochemical analysis of desmin-positive pericytes in PS1-deficient brains. Sections were prepared from embryonic day 13.5 wild-type (A, C and E) or PS1deficient (B, D and F) mice. The tissues shown are brain (A to E) and liver (F). Desminpositive pericytes (Hellstrom et al., 1999) were seen in association with capillaries in PS1-deficient as well as wild-type brains. Arrows in A to D show pericytes. Blood vesselassociated desmin staining was also seen in the perineural plexus of both types of embryos, as indicated by arrowheads in A and D. E is a negative control section, which was not treated with the primary antibody. C and E are consecutive sections. The purple arrows in C and E show the same capillary. F is a positive control section, in which perisinusoidal Ito cells in the liver were positively stained with the anti-desmin antibody. Bar ¼ 50 mm. Fig. 7 . Expression of vascular endothelium-specific growth factors in PS1-deficient mouse brains. A: Real-time quantitative PCR analysis of gene expression in embryonic day 14.5 PS1 þ /þ and PS1 2 /2 brains. mRNA levels of VEGF, angiopoietin-2 and ephrinB2 were measured by an iCycler iQ system and were normalized to that of G3PDH. B: VEGF protein contents in the brains and the livers from embryonic day 14.5 PS1 þ /2 and PS1 2 /2 mice. The levels of VEGF protein were measured by an ELISA system and were normalized to the total protein contents. Values are the mean^SD. * * * p , 0:001 compared with corresponding values for the control mice.
in Target Retrieval Solution (DAKO No. S 1700, Carpinteria, CA, USA) at 95 8C. Endogenous peroxidase activity was blocked by incubation with 3% hydrogen peroxide in distilled water for 10 minutes. The sections were incubated with anti-desmin/HRP (DAKO No. U7023) for 30 minutes. After PBS washing, the immunoreactivities were detected with DAB and the sections were counterstained with methylgreen. Bromodeoxyuridine (BrdU) incorporation analysis: BrdU labeling and detection were performed using a Cell Proliferation kit (Amersham Pharmacia Biotech UK, Buckinghamshire, UK). BrdU-containing labeling reagent was intraperitoneally administered to pregnant mice (0.6 ml/mouse) with embryonic day 14.5 embryos. Two hours later, the embryos were dissected out and the heads of the embryos were embedded in OCT compound. Cryostat sections were prepared at 50 mm thickness and the BrdU incorporated into the cells was detected according to the manufacturer's protocol. The sections were counterstained with eosin.
Real-time quantitative PCR analysis
Total RNA was prepared from embryonic day 14.5 mouse brains, which were snap frozen and kept at 2 80 8C, using TRIzol Reagent (Life Technologies, MD, USA), followed by DNase I treatment with a MessageClean kit (GenHunter, Brookline, MA, USA). The total RNA was reverse-transcribed with an oligo (dT) adaptor primer (TaKaRa RNA PCR kit (AMV) Ver. 2.1; TaKaRa, Shiga, Japan). For real-time quantitative PCR, an iCycler iQ system (Bio-Rad, Hercules, CA, USA) was used. The synthesized cDNA was amplified with PfuTurbo Hotstart DNA polymerase (Stratagene, La Jolla, CA, USA). The thermal controller conditions were 95 8C for 3.75 min with 1 cycle, 95 8C for 0.5 min 58 8C for 0.5 min, and 72 8C for 1 min with 40 -50 cycles, and 72 8C for 7 min with 1 cycle. For detection of the reaction products, SYBR-green was added to the reaction mix. The following oligonucleotides were used as primers for realtime quantitative PCR.
(1) G3PDH: The expected product size is 402 bp. Standard curves for each cDNA were prepared from a 4-point 1/10 serial dilution run, using plasmid vectors containing each of the cDNA sequences. The amount of each cDNA was normalized to the G3PDH cDNA content obtained from the same sample.
Electron microscopy
For X-gal staining of tissue slices, the heads of mouse embryos at embryonic day 14.5 were fixed with a solution of 3% paraformaldehyde and 0.5% glutaraldehyde in PBS for 4 hr at 4 8C. They were then washed with PBS and 0.1 mm thick frontal sections were cut on a Vibratome. These sections were placed in X-gal solution (0.2% X-gal, 2 mM MgCl 2 , 5 mM potassium ferrocyanide and 5 mM potassium ferricyanide in PBS without any detergents) for 12 hr at 37 8C. The sections were then washed 3 times with 0.5M cacodylate buffer (pH 7.4) and further fixed with 4% glutaraldehyde in cacodylate buffer for 12 hr at 4 8C. The sections were washed 3 times with cacodylate buffer and osmicated in 1% OsO 4 in cacodylate buffer. The sections were dehydrated sequentially in 50%, 75%, 90% ethanol for 10 min, 100% ethanol for 10 min 3 times and then in propylene oxide for 1 min. The sections were placed in a mixture of propylene oxide and epoxy resin (1:1) for 1 hr, and finally embedded in 100% epoxy resin between siliconized slide glasses for 12 hr at 37 8C and further for 2 days at 60 8C. The X-gal-stained sections were examined under a light microscope and photographed. Then, ultrathin sections of the selected areas were prepared, stained with lead citrate and uranyl acetate, and the capillaries in the Fig. 8 . Deficiency of PS1 modulates the vascular network formation from P-Sp explants. The P-Sp region of embryonic day 9.5 wild-type (A) or PS1-deficient (B) mutant embryo from the same litter was cultured on OP9 stromal cells. After 10 days of culturing, development of endothelial cells was evaluated by staining with antiPECAM-1 monoclonal antibody. The endothelial cells from the PS1-deficient P-Sp explant formed thin, stringlike structures indicated by arrows in B, which is in contrast to the thick, cord-like endothelial structures from the wild-type P-Sp explant indicated by arrows in A. An enlarged and disorganized vascular network was also a prominent feature of the PS1-deficient P-Sp explant culture.
forebrain of each genotype were observed under an electron microscope (JEM 1200EX, JEOL). Endothelial cells were specifically labeled with the electron-dense reaction product of X-gal staining in the cytoplasm.
VEGF measurement
Mouse tissues were snap frozen and kept at 2 80 8C. The stored tissues were lysed in 150 mM NaC1, 66 mM EDTA, 10 mM Tris -HCI (pH7.4), 0.4% sodium deoxycholate, 1% NP-40, and protease inhibitor cocktail (Boehringer Mannheim, Mannheim, Germany). The mouse VEGF-A ELISA detection kit (MMVOO, R and D Systems, Minneapolis, Minn, USA) was used for quantification of the VEGF protein in the tissue lysates. The VEGF content in the lysates was normalized to the total amount of protein in the lysates, which was determined with a BCA* Protein Assay kit (Pierce, Rockford, III, USA).
In vitro culture of P-Sp explant
The stromal cell line, OP9 (Takakura et al., 1996) , was maintained in a-modified minimum essential medium (a-MEM, GIBCO, Gaithersburg, MD, USA) supplemented with 20% fetal calf serum (FCS, Hyclone, Ut., USA). Explants of embryonic day 9.5 embryo P-Sp containing a part of the omphalomesenteric artery (OA) were cultured on the OP9 stromal cells in 10% FCS and 10 25 M 2-ME (GIBCO) containing RPMI-1640 (GIBCO) as previously described (Takakura et al., 2000) . After culture for 10 days; an anti-PECAM-1 antibody (MEC13.3; rat-anti-mouse monoclonal; Pharmingen, San Diego, CA, USA) was used to visualize the existence of endothelial cells.
Statistics
The two-tailed paired Student's t test was used for all statistical calculations.
